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Aphid genotypes vary in their response to the presence of fungal
endosymbionts in host plants
Abstract
Genetic variation for fitness-relevant traits may be maintained in natural populations by fitness
differences that depend on environmental conditions. For herbivores, plant quality and variation in
chemical plant defences can maintain genetic variation in performance. Apart from plant secondary
compounds, symbiosis between plants and endosymbiotic fungi (endophytes) can produce
herbivore-toxic compounds. We show that there is significant variation among aphid genotypes in
response to endophytes by comparing life-history traits of 37 clones of the bird cherry-oat aphid
Rhopalosiphum padi feeding on endophyte-free and endophyte-infected tall fescue Lolium
arundinaceum. Clonal variation for life-history traits was large, and most clones performed better on
endophyte-free plants. However, the clones differed in the relative performance across the two
environments, resulting in significant genotype · environment interactions for all reproductive traits.
These findings suggest that natural variation in prevalence of endophyte infection can contribute to the
maintenance of genetic diversity in aphid populations.
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Abstract 1 
Genetic variation for fitness-relevant traits may be maintained in natural populations 2 
by fitness differences that depend on environmental conditions. For herbivores, plant 3 
quality and variation in chemical plant defences can maintain genetic variation in 4 
performance. Apart from plant secondary compounds, symbiosis between plants and 5 
endosymbiotic fungi (endophytes) can produce herbivore-toxic compounds. We show 6 
that there is significant variation among aphid genotypes in response to endophytes by 7 
comparing life-history traits of 37 clones of the bird cherry-oat aphid Rhopalosiphum 8 
padi feeding on endophyte-free and endophyte-infected tall fescue Lolium 9 
arundinaceum. Clonal variation for life-history traits was large, and most clones 10 
performed better on endophyte-free plants. However, the clones differed in the 11 
relative performance across the two environments, resulting in significant genotype x 12 
environment interactions for all reproductive traits. These findings suggest that 13 
natural variation in prevalence of endophyte infection can contribute to the 14 
maintenance of genetic diversity in aphid populations.  15 
 16 
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Introduction 1 
Specialisation and speciation draw on natural genetic and phenotypic variation of 2 
individuals in a population. The evolutionary maintenance of this variation in the face 3 
of ongoing selection requires explanation. Mutation can generate new variants, but 4 
their maintenance through time may require differential responses of different 5 
genotypes to environmental variation, such as variation in resources (e.g. Mitter et al., 6 
1979, Via, 1991, Ferrari et al., 2006) or natural enemies (Henter & Via, 1995, Herzog 7 
et al. 2007). Individuals need to maximise certain traits to survive and perform well 8 
under specific local conditions. As a result, different environments may favour 9 
different genotypes, which is referred to as genotype x environment interaction (G x 10 
E; Falconer, 1952, Pederson, 1968, Via, 1984, Vieira et al., 2000). The performance 11 
of one genotype in a specific environment can trade off with its performance in a 12 
different environment because beneficial changes in one trait are often linked to 13 
detrimental changes in other traits (Stearns, 1989). For polyphagous herbivores such 14 
as certain aphid species, genotypes performing well on one host plant species may 15 
perform poorly on other hosts (Via, 1991, Ferrari et al., 2006). Such trade-offs can 16 
promote specialisation and prevent one genotype from getting fixed in a population. 17 
However, a trade-off, i.e. a negative genetic correlation in fitness across hosts, is by 18 
no means a necessary condition for favouring specialisation and maintaining 19 
variation. Fry (1996) has argued convincingly that different fitness rankings on 20 
different hosts (i.e. crossing reaction norms) are sufficient, even if the cross-host 21 
genetic correlation is positive. 22 
Studies on genotype x environment interactions of phytophagous arthropods 23 
have mostly focused on environmental heterogeneity caused by the availability of 24 
different host plant species (Via, 1991, Ferrari et al., 2006) or heterogeneity within 25 
 4 
one resource caused by different abiotic conditions (Service & Lenski, 1982, Weider 1 
et al., 2005). However, environmental heterogeneity within a single host plant species 2 
can also be caused by the presence of symbiotic microorganisms such as mycorrhizal 3 
fungi and endosymbiotic fungi, both of which play a key role in structuring natural 4 
communities (van der Heijden et al., 1998, Omacini et al., 2001, Rudgers et al., 2004). 5 
Endophytic fungi are inconspicuous associates of almost all species of plants, where 6 
they live in the intercellular regions of plant tissues (Clay, 1990). Endophytes of the 7 
genus Neotyphodium associate with cool-season grasses, are asymptomatic and 8 
vertically transmitted via the seeds. Neotyphodium produces alkaloids, which can 9 
increase the resistance of the plant to herbivory (Siegel et al., 1990, Clay & Schardl, 10 
2002) and provide the grass with a competitive advantage (Clay & Holah, 1999). 11 
However, not all herbivorous insects suffer from reduced fitness in the presence of 12 
endophytes. For example, the cereal aphid species Metopolophium dirhodum and M. 13 
festucae show no reduction in their fitness when feeding on endophyte-infected plants 14 
(Meister et al., 2006, Härri et al., 2008a). It is even feasible that some herbivores may 15 
profit from the presence of endophytes, if they are able to avoid ill effects of 16 
alkaloids, because the biomass is often increased in endophyte-infected grasses (Clay, 17 
1990). In natural grasslands, the infection frequency with Neotyphodium hardly ever 18 
reaches 100% (Saikkonen et al., 2000, Zabalgogeazcoa et al., 2003) and herbivores 19 
are therefore faced with a spatial mosaic of infection.  20 
Aphids are a useful model system for studying genotype x environment 21 
interactions because they reproduce parthenogenetically for most generations of their 22 
life cycle (Dixon, 1998). This allows asexually reproducing clonal lines to be kept in 23 
culture and means that differences in clonal performance can be attributed to genetic 24 
differences. Several studies have demonstrated clonal variation in aphids for the type 25 
 5 
of life cycle and life-history traits (Moran, 1991, Vorburger, 2005), susceptibility to 1 
parasitic wasps (Henter & Via, 1995, Ferrari et al., 2001, von Burg et al. 2008), and 2 
host plant utilisation (Via, 1991, Mackenzie, 1996, Vorburger et al., 2003, Ferrari et 3 
al., 2006). Therefore, we hypothesise that aphids exhibit clonal variation in their 4 
response to endophyte presence, which would imply that fungal endosymbionts of 5 
plants can contribute to the maintenance of genotypic diversity. We tested this 6 
hypothesis by measuring several life-history traits in 37 clones of Rhopalosiphum 7 
padi L. reared on either endophyte-infected or endophyte-free plants of the same 8 
cultivar of Lolium arundinaceum Schreb..  9 
 10 
Materials and Methods 11 
Materials 12 
Our study system consisted of 37 different clones of the bird cherry-oat aphid R. padi, 13 
tall fescue L. arundinaceum, a widespread agricultural grass, and its endophytic 14 
fungus Neotyphodium coenophialum. The seeds of L. arundinaceum were either 15 
endophyte-free (E-) or endophyte-infected (E+) by one strain of N. coenophialum, the 16 
so-called ‘common strain’. Endophyte infection can be lost by long-term storage of 17 
the seeds. However, from the long-stored seeds we obtained, about 50% were still 18 
infected. This allowed us to avoid any confounding effect of long-term storage with 19 
endophyte status by only using long-stored seeds. Since the seeds of both treatments 20 
belong to the same cultivar (Georgia 5), our treatments only differ in the 21 
presence/absence of endophytes.  22 
 In December 2005, we planted E– and E+ seeds and kept the seedlings in a 23 
greenhouse for five months. After this propagation period, we cut the grass and 24 
transferred it to an experimental garden at the University of Zürich, Switzerland. To 25 
 6 
ensure the availability of enough grasses during winter 2006, one tiller per pot was 1 
transferred to a plant room.  2 
The aphid species R. padi has a holocyclic life cycle in Switzerland, with a 3 
parthenogenetic summer phase on numerous species of Poaceae, followed by the 4 
production of a sexual generation in autumn and overwintering eggs on Prunus spp.. 5 
Winged dispersal morphs are produced during the parthenogenetic phase in response 6 
to crowding or food shortage (Dixon, 1998). To obtain different R. padi clones, we 7 
collected fundatrices (asexual females hatching from overwintered, sexually produced 8 
and thus genetically unique eggs) from P. padus across Switzerland. Each clonal line 9 
was initiated by a single individual. These clonal lines were maintained on L. 10 
arundinaceum Barcel (a commercially available endophyte-free grass line) in a 11 
climate chamber (22° C , 16: 8 h L:D regime). The clones were cultured on a different 12 
cultivar than the experimental cultivar to ensure that all aphids were exposed to a 13 
novel diet during the experiment. The aphid clones were in culture for approximately 14 
20 generations before the experiment started. 15 
 16 
Experiment 17 
We replicated each combination of endophyte treatment and clone ten times, resulting 18 
in a total of 740 starting individuals (37 clones x 2 endophyte treatments x 10 19 
replicates). Due to shortage of wingless individuals, we also had to use winged 20 
morphs as starting individuals (total of 740 F0 adults; E-: 68 winged, E+: 57 winged). 21 
To start the experiment, we placed one adult aphid of each clone (F0 adult) on 22 
E- or E+ leaf cuttings in a Petri dish (Ø 55 mm). Cuttings were used instead of potted 23 
plants to follow individual aphids over their entire lifespan because cuttings are easier 24 
to handle and allow for more uniform conditions. The first nymph produced by these 25 
 7 
F0 adults was then transferred singly to a new Petri dish of the same treatment (F1 1 
generation). Some of the F0 adults did not reproduce, so the starting number of F1 2 
nymphs differed (E-: 284, E+: 247). Each F1 nymph was followed through to 3 
adulthood and its natural death. Each day we recorded the nymphal stage, the number 4 
of offspring produced and whether the focal aphid had died. We removed all newly 5 
produced offspring daily from the Petri dishes. Grass cuttings were exchanged every 6 
three days. 7 
We analysed the proportion of F0 adults reproducing, the proportion of F1 8 
reaching maturity and the proportion of F1 individuals reproducing using the “full 9 
data set” (all 37 clones, E-: 370, E+: 370). Because many F1 nymphs did not reach 10 
adulthood, the other analyses for the F1 generation had to be done on a “reduced data 11 
set”, including only clones for which at least three F1 nymphs reached maturity in 12 
both endophyte treatments (20 clones, E-: 112, E+: 76).  13 
 14 
Statistical analyses  15 
Analyses were performed with R (R Development Core Team, 2008). We present 16 
means ± SE. We used analyses of variance (ANOVA) or generalised linear models 17 
(GLMs) to test for the effects of clone, endophyte treatment and their interaction (G x 18 
E) on aphid life-history traits. The analysis of proportions requires the use of a 19 
binomial error structure whereas the analysis of counts requires a poisson error 20 
structure (Crawley, 2002). Therefore, we used GLMs with a logit link and 21 
quasibinomial error structure for the analysis of proportions and a GLM with a log 22 
link and a quasipoisson error structure to analyse the number of offspring produced by 23 
the F1 generation. The ‘quasi’ error structures were applied to account for 24 
overdispersion. As recommended by Crawley (2002) for quasilikelihood fits, F-tests 25 
 8 
were used to compare deviances of models with and without the effects to be tested. 1 
We ln-transformed development time and adult lifespan. 2 
We included morph type (winged or wingless) of the individuals analysed as a 3 
factor whenever applicable. We did not include interactions between morph type and 4 
the other factors in the analyses as model comparison tests showed no significantly 5 
increased fit (Crawley, 2002), except for the proportion of F0 adults reproducing. To 6 
compare the performance ranking of clones between the two endophyte treatments, 7 
we calculated Spearman's rank-order correlations of clone mean trait values between 8 
aphids on E- and E+ plants. This was done for all life-history traits as well as for a 9 
compound estimate of performance termed 'mean fitness', which was the product of 10 
the proportion of F1 nymphs surviving to maturity and the mean lifetime fecundity of 11 
F1 adults. To assess whether these correlations differed from zero and one, one-12 
sample t-tests were used.  13 
 14 
Results 15 
The presence of endophytes had a significant effect on most life-history traits and 16 
generally reduced the performance of R. padi on L. arundinaceum (Table 1, Fig. 1). 17 
There was significant among-clone variation for almost all the measured traits (Table 18 
1), and the interaction between endophyte treatment and clone (G x E) was 19 
statistically significant for all reproduction-related traits (Table 1). This is reflected in 20 
a substantial number of crossing reaction norms of clonal performance between 21 
environments (Fig. 1). For all traits measured, a minority of clones even performed 22 
better on E+ than on E- plants (Fig. 1). Despite significant G x E interactions for 23 
several traits, the rank-order correlations of clonal performance across environments 24 
were all significantly positive (Table 2). However, except for development time and 25 
 9 
the proportion of winged morphs, for which the tests were marginally non-significant, 1 
correlations for individual life-history traits and mean fitness also differed 2 
significantly from one (Table 2), showing that the presence of the endophyte 3 
Neotyphodium in the host plant led to significant changes in the aphid clones' ranking 4 
orders for several fitness-relevant traits. 5 
 6 
Discussion 7 
We showed that the phenotypic responses of aphids to the presence of a fungal 8 
endosymbiont associated with its food plant can vary significantly among clones of 9 
the same species. Although endophyte presence generally had a negative effect on 10 
aphid performance, a few clones performed better on infected than on uninfected 11 
plants. The negative effect of the endophyte on the majority of R. padi clones is 12 
consistent with earlier findings (Eichenseer & Dahlman, 1992, Meister et al., 2006). 13 
However, none of these aforementioned experiments did control for clonal identity. 14 
Our study is the first to show significant interactions between aphid genotypes and the 15 
presence of endophytes, suggesting that the genetic composition of insect herbivore 16 
populations should be considered to understand the variation in their response to 17 
endophytes in their hosts. In field experiments, the negative effect of endophyte 18 
presence on R. padi populations is often less clear (Krauss et al., 2007), which – based 19 
on our present findings – might be explained by differences in the clonal 20 
compositions of aphid colonies on endophyte-infected and endophyte-free plants.  21 
In the pea aphid, Acyrthosiphon pisum, clones with a high fitness on clover 22 
grow poorly on alfalfa and vice versa (Via, 1991). This trade-off, together with a 23 
behavioural preference for the more suitable plant (Caillaud & Via, 2000), is evidence 24 
for ecological specialisation that resulted in host races. In our experiment, we did not 25 
 10 
detect an overall trade-off between fitness on E+ and E- plants. Cross-environment 1 
rank-order correlations of clone means were positive for all life-history traits, 2 
reflecting that a number of clones performed relatively well or poorly in both 3 
environments. Nevertheless, the significant changes in rank-order between 4 
environments resulting from the observed endophyte x clone interactions suggest that 5 
at least in the absence of search costs, this system would have the potential for 6 
specialisation on endophyte-free or endophyte-infected plants to evolve (Fry, 1996). 7 
Whether this potential will be realised partly depends on the relative frequencies of 8 
E+ and E- plants in the field. Specialisation would seem more likely to be favoured 9 
when both types of plants occur at comparable frequencies and when the spatial 10 
distribution of this variation is relatively coarse-grained. Whether such conditions 11 
could be fulfilled is only beginning to be addressed (Saikkonen et al., 2000). 12 
The presence of genotypes performing poorly in both the E- and E+ 13 
environment may at first seem puzzling but could easily be explained if such 14 
genotypes enjoyed other benefits like increased performance on alternative host plants 15 
(R. padi is very polyphagous) or decreased susceptibility to parasitoids and pathogens. 16 
Susceptibilities to predators, parasitoids, and pathogens have been shown to vary 17 
among aphid clones (e.g. Henter & Via, 1995, Losey & Denno, 1998, Ferrari et al., 18 
2001). The presence of endophytic fungi not only reduces the performance of 19 
herbivores but also negatively affects higher trophic levels (Bultman et al., 1997, de 20 
Sassi et al., 2006, Härri et al., 2008a, b). To understand how these complex 21 
interactions among plants, endophytes and natural enemies structure herbivore 22 
populations, future studies need to consider the genetic backgrounds of the players in 23 
the food web.  24 
 11 
To conclude, our study demonstrated that the presence of the endophyte N. 1 
coenophialum in the grass L. arundinaceum generally reduced the fitness of the 2 
herbivore R. padi. However, different genotypes of this aphid were unequally affected 3 
by endophytes, resulting in significant genotype x environment interactions for 4 
fitness-relevant traits, and some clones even performed better on endophyte-infected 5 
plants. This suggests that variation in the prevalence of endophytes in host plants may 6 
be a factor contributing to the maintenance of genotypic variation in herbivore 7 
populations.  8 
 9 
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Tables 1 
Table 1 Test results for the effects of morph type (winged/wingless), clone identity, 2 
endophyte presence and the clone x endophyte interaction on life-history traits of R. 3 
padi. The proportions of F0 adults reproducing, of F1 nymphs reaching adulthood and 4 
of F1 adults reproducing were analysed using the “full data set”, while all other traits 5 
were calculated using the “reduced data set” (see text for precise numbers). For the 6 
proportion of F0 adults reproducing, the clone x morph interaction was additionally 7 
included in the model. For all the other analyses, including morph interactions did not 8 
improve the model fit. When F0 adults were winged, the proportion of F1 adults that 9 
were winged decreased (estimate: -1.47 ± 0.90; F1,147 = 12.31, P = 0.0006).  10 
 11 
 12 
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 15 
 16 
 17 
 18 
 19 
 18 
 Traits 
 
 
Proportion of 
F0 adult 
reproducing 
Proportion of 
F1 reaching 
maturity 
Proportion of 
F1 
reproducing 
 
Development 
time 
 
Proportion of 
winged morphs 
 
Adult lifespan Lifetime 
fecundity 
Morph type F1,634 = 43.75 
P < 0.0001 
NA NA F1,147 = 71.84 
P < 0.0001 
NA F1,147 = 32.66 
P < 0.0001 
F1,147 = 164.58 
P < 0.0001 
Clone identity F36,634 = 2.17 
P < 0.0001 
F36,457 = 1.43 
P = 0.054 
F36,457 = 2.23 
P < 0.0001 
F19,147 = 5.01 
P < 0.0001 
F19,147 = 6.32 
P < 0.0001 
F19,147 = 2.30 
P = 0.003 
F19,147 = 3.22 
P < 0.0001 
Endophyte F1,634 = 14.09 
P < 0.0001 
F1,457 = 43.33 
P < 0.0001 
F1,457 = 25.13 
P < 0.0001 
F1,147 = 11.37 
P = 0.001 
F1,147 = 3.00 
P = 0.086 
F1,147 = 3.24 
P = 0.074 
F1,147 = 6.25 
P = 0.013 
Clone x endophyte F36,634 = 2.93 
P < 0.001 
F36,457 = 0.45 
P = 0.453 
F36,457 = 1.70 
P = 0.008 
F19,147 = 1.45 
P = 0.112 
F19,147 = 1.68 
P = 0.046 
F19,147 = 0.82 
P = 0.682 
F19,147 = 1.74 
P = 0.036 
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Table 2. Spearman rank-order correlations of clone mean values for six life-history traits and mean fitness across environments (endophyte-free 1 
and endophyte-infected Lolium arundinaceum) 2 
Trait Spearman's r ± SE P (difference from zero) P (difference from one) 
Proportion of F1 reaching maturity 0.520 ± 0.144 < 0.001 0.002 
Proportion of F1 reproducing 0.498 ± 0.147 0.002 0.002 
Development time 0.643 ± 0.181 0.002 0.063 
Proportion of winged morphs 0.633 ± 0.182 0.003 0.059 
Lifetime fecundity 0.473 ± 0.208 0.035 0.020 
Adult lifespan 0.487 ± 0.206 0.029 0.022 
Mean fitness (prop. adult × lifetime fec.) 0.590 ± 0.190 0.006 0.044 
 3 
 4 
1 
Figure Legends 1 
Fig. 1 Interaction plots depicting the reaction norms for six life-history traits of different 2 
clones of Rhopalosiphum padi grown on either endophyte-free (E-) or endophyte-infected 3 
(E+) leaves of Lolium arundinaceum: a) the proportion of F1 nymphs reaching adulthood, b) 4 
the proportion of F1 adults of reproducing, c) development time, d) the proportion of winged 5 
morphs, e) lifetime fecundity and f) adult lifespan.  6 
 7 
 2 
Fig. 1 1 
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